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Abstract 

This is the final report on Apollo Experiment S-217, IK and Haddr Stuily of 
Apollo Data, an experiment usinj' Earth-based reniote-sensin>' radar, infrared 
eclipse, and color-difference data to deduce surface properties not visible in Apollo 
photography. The Earth-based tlata provid«*d itiformatioti on the small-scale 
(centimeter-sized) blockiness and on the surface chemical composition (titanium 
and iron contents) of the lunar surface. These deduced surface properties 
complemented the new Apollo photography, leading to refined geologic 
interpretations of the lunar surface. Joint studies were conducted with Apollo 
Experiment S-222 (Fhotogeology) on a numl)c>r of lunar areas. Kesults of these joint 
studies appear in the oprui literature. The work performed under .Apollo 
Experiment S-217 is summarized in this report. 
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Final Report: Apollo Experiment S-217 IR/ 
Radar Study of Apollo Data 


I. Introduction 

riu' Apollo Kxpt'riineiit S-217, IH/Htulur Studies of 
:\f)(>llo Ihita. oiu- of llif Apollo I’hoto-Dala Analysis 
Kxpi'riiiuMits, loiic-eiilratod on llu' use of remolt’-smsini' 
(primarily Karlh-basotl) ohsorx ations of ifu* Moon lo 
(lolormino surface prope rties not inlu'rc'iitly asscM iated 
with photojerapliv. An important aceomplisliiiu'iit v.as the* 
joint studies with Apollo Kxpc'rinient S-222, ''ii<>to<ieol()eij. 
The i'c'oloi'ic interpretation of lunar h-atures was en- 
liatU'C'd hv ktiow'lt'diie of surface conditions dc'diiced from 
the remote, nonphotonraphic sensors. The photoi>»‘olo^ic 
interpretations similarly enfiaiu c-d und'.'rstandintj of the 
remote sensed data. Apollo Kxpe-riment S-217 startc'd in 
June' 1972 and rati until the* sprini» of 1979. 

A. Background 

rhe lunar surface In'came the sufijc't t of intc'iisc* study in 
tlie 1990s. with tlie advent of space fiii>ht. Ilu' mannc'd 
landinns and surface samplinijs of tfic .\pollo missions 
were tlie culmination of a series of space flij'hts from the 
H.myer and l.unar Orhiter |)hotoi4raphic missions to the 
Surveyor surface-sam|ilins» missions. Scientific interest 
kept in step with these space adsances. 

The initial foc us for the S-217 work was pros idc'd hy the* 
.S\niposium on the (ieoplivsical lnter|)retation of the 


Moon, chairc'd hv Kuyc'tie Simmons of M.l. I'., and hc-ld at 
the l.unar Science histitute in July !9fi9, immecliatc'ly 
followint' man's first laiidinn on the Moon. Our first study 
conientratc'd on the thermal, radar, and ^c'oloi^ic interpre- 
tation of 52 craters (Htd. 1). This initial effort, which 
showt'd that the- infrarc'd and radar data complemenic'd 
the- neolo^ic inter|)ret.ition of ,i raime of the lunar crater 
tvpc>s. Ic'd to the S-217 experiment proposal .md the work 
that is rc'portc'd hc'rc'. 

B. Work Performed in S-217 Experiment 

I’lu' work pc'rformc'd in the S-217 expc'rinient (and in 
the coo|)erative effort with the S-222 experiment) 
extc'iidc'd that first study to other areas of the Moon, 
focusinj' on the- .\pollo landing sites. Interpretations of the 
.\pollo 15 l.indin^ site* at Ifadley Hille and the Apollo 19 
landiiii' site* at the Dc'scartc's have Ih'C'ii reported in Ih'fs. 2 
and .\ remote' sc'iisini; analysis of the .\pollo 17 landin^ 
site at raurus-l.ittrow and the entire' Mare .Sc'rc'iiitatis 
hasin have also In'en reportc'd (Mc'fs. 1, .5, and 9). 

In addition to tlic' .Xpoilo landint; site's, sc'lc'c tc'd areas of 
the' Moon wc'rc' stiidic'd In'cause of thc'ir unusual c'c'oloj'v 
and remote si'iisini' sinnatures. I'hc' nni(|uc' radar and color 
siijnatnrc's of tlu' lava flows in Mare Imhrium wc're 
discussc'd hv Schahc'r, c't al., (Hc'f. 7), while tlu' unusual 
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IMBRIUM 

FLOWS 


ARISTARC 

PLATEAU 


MARE 

SEKENITATIS 


APOLLO 15 
LANDING SITE 
HADLEY RILLE 


APOLLO 17 
LANDING SITE 
TAURUS-LITTROW 


APOLLO 16 
LANDING SITE 
DESCARTES 


Fig. 1. Cooperative study areas of the S-217 and S-222 Experiment Teams 


Table 1. Study areas of the S-217 Team 


i 

1 

1 

I-.iIiIikU- 

LtniKiliitlt- 

Rift-re-nct- 

.A|>oll(> 1.5 l.indiiig 
site at lladle-y Hilli- 

20*\ lo 2S*N 

()• to8*K 

18 

.'\lM)llo Ih laiKliiiK 
silt- at Dfscartes 

7*S lo I2*S 

U*K lo 19‘L 

2,3 

.Apollo IT laiuliiiK 
silt- al T.oirns-Liltrow 

1H*\ It) 22*\ 

28 *K to .32*1-: 

fi 

M.irt- .Sfifiiil.itis 

I0*\ lo |()"\ 

0* lo.3.5*l-; 

I. .5. 21 

T'lif liiihriiiiii l-'ltiws 

lfi*\ to -l8*\ 

1 fW lt);18*\V 

7 

111'.- Aristaiflms 

20 *\ to.T2*\ 

tO'W It) .58* AS' 

8 


l‘l.iti'.iii 

V 'iirrchitiiins .lioiiK 9, 10 

\piillii liist.'itic 
rad.ir Ir.u ks 


rt'inoto-sfiisiiiir siirnatiiros of tlio Aristarchus I’latoaii have 
Ih-cmi studied in ureat detail l«y /isk, ei al , (Hef. H). Also, 
radar, infrared, .md c olor-ddfereucc' data were compared 
with the \pollo 1.5 and Ih liist.itic radar ilata (Kefs. 9 and 


10). A study of the techniijut's of factc'r and cluster analysis 
applied to lunar data sets was performed l>v Sliorthill. et 
al., ,lfef. II). Fiirure I shows the areas studied l)\ the* 
comhined S-217/S-222 teams, I'alik I summari/.es the 
joint stmly areas. 

C. Future Work 

riu' evork pc'rlormed under .Apollo Kxpc'rimeut S-217 
showcnl that Karth-hased and orbital obsersations of the 
lunar surface c.ui iiuleed lx- correlated with more 
conventional visual phototreoloyic data to lH'tt«*r under- 
stand tfie neoloiiv, surfac-e propertic-s, and clumiistrv of an 
extraterrestrial body. I)urin^ S-217, we started with 
analysis of the Apollo landing sites where in situ 
measurements and returned sample data were available, 
and extrapolated such data to othc'r scientifically interest- 
ing; (blit unsamph'd) rei;ions of the moon. Much work 
needs to Ix' done with re^ard to extendiim tlx- remote- 
sc-nsinj; data svntlx-sis techni(|ues d«-\c-lopc-d durin^ S-217 
(and S-222) to otlx-r lunar arc-as of intc-rest. Kxamph-s of 
possible- research topics for tlx- ix-ar future- are-: 
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(1) Amlvsis of the iinii|iie low ra<lar reHeetivity 
t)l)seiAi‘(l around the outer rims of a mimiH'r of lart^e 
lunar craters of rliserst' ai»e (e.y., Aristillus, (Cassini, 
I’lato, Aristoles). Such low radar reflectivr* riiins may 
repres(>nt variations in plivsiral and/or chemical 
properties of materials c'jected from depth during 
thi‘ individual craterini' events. 

(2) Spectral refiectivitv data and color com|>osite 
photographs of the lunar surface* have reveaU-d only 
a ver\ lew extremely r»*d surface features. One* of 
lliese features is tlie (iruithuisen domes IcKatc'd .i5 N 
and 10 W. These dome's have lon}» In'en tliou^lit to 
represe-nt verv silicic volcanic materials. .\ detailed 
e'valuation of spe*ctral re'ffe-e tivity data and photoj'c'o- 
lot'ic data of the-se f«*ature*s would Ik* of significant 
interest. No such silicic materials were saniple'd l>y 
any of the* lunar landiiu' missions. 

(A) The correlation of radar reff»*ctivity ami color vsitfi 
mappal)le How scarps in Mare* Imhrium during S-2I7 
was extre*me*lv re'wardini;, l>ut still poorlv iinde*rstood 
with re*('arel to the pliysieal proee*sse*s invol\e*d. 

'flu* modulation of remotely sensc'd ilata hy surface 
cfte*mistrv ne*eds furtlie*r studv. I he correlation of ^re*atly 
re*duced radar l)ackseatter with hlue mare color in Mare* 
Imhrium is see*n to Ik* reverse*d in tfu* e-ase of the* 
Aristarchus I’lateau area wli»*re tin* correlation of wt*ak 
radar return is from a re*el surface. The* inference has lH*e*n 
tliat a hit'hU al)sorl)in^ surface material with e*lc*vati*d 
iroii-titaniuni content is responsihle* for the hi^h radar 
al)sorption while* dive*rse* valence* states of titanium and 
iron ions in ^lasse*s (l)lack ula.ss— orani'c* j'lass) is responsihle* 
for the color changes. This interpretation ne't*ds furth«*r 
investigation wlie*re similar correlations exist in otlie*r lunar 
areas. I’fu* low radar return/re*d color correlation appe*ars 
rt*strie'te*d ion the* lunar ne*arside* licmisphere*) to re*gions of 
dark mantle of prohahle* prvoclastic origin and (*xtre*me* 
age* (3.75 hillion vears). Otlier low-allH*do regions suc h as 
the* llae*mus Mountains .inel the* Sulpicius (tallus re*gion 
(e*astern e*elge of Mare Sere*nitatis) ne*e*d to he* examine*d 
further using all re*mote sensing data currently availahle*. 
Spe*ctral re*He*ctivitv, and fugli-re*solution re*mane*nt mag- 
neti/.atiern (1—2 km) data from I.unar Polar Orhiter should 
prervide* additional valiiahle informatie)n re*garding tire* 
e he*mi.stry of these deposits. 

()tfie*r (|uestions re*main unanswe*re*d. For e*xample*, wfiat 
is tire* physical signifie anee of the* bright. fu//y spots in tire* 
■3.S-C III nia|)s tliat were* iiote*d as surface* ty pe* II in our 52 
crater pape*r** W’fiat is tlie* ge*ological significance of tlie* 
surface* prope*rtie*s tli.it cause*d the* unusual eolor .ind raelar 
scatte*ring .iroiind crater Plato and in the highlands that lie* 


along the* ne>rthe*rn rim of the* Imhrium Kasin? What is the* 
ge*ologic significance of the* suhtle* color diffe*re*nce*s that 
appe*ar in e*aste*rn Mare* Trani|uillitatis? 

Pile* ne*c*d to studv are*as away from the .Apollo tracks 
has alrc*aelv l)e*c*n de*monstratc*el hy our study of the* 
.\ri* l.irc hiis Plateau and a re*ce*nt study e»f Mare* liumorum 
hv Pie'ters. et al., (He*f. 12). Study of are*as away fremi the* 
.\pollo tracks is ne*ce*ssary ter preivide* a basis for 
inte*rpre*tation of I.unar Polar Orhiter data. Whe*n the* 
I iiiiar Polar Orfiiter lH*ee)ines a re*ality, our attc*ntie>ii will 
fcK'iis on the* gleihal lunar predilems. 

The* svnthe*sis of lunar data will have to de*al witfi large*r 
ye)hinie*s of iimre* dive*rse* nie*a.sure*me*nts. Future* syste*matic 
tre*atme*uts of these* l.irger volume's of data will re*<juire* 
more* sophisticated mathe*matical te*chni(jue*s of statistieal 
analysis. The* lactor/chisfc*r analysis that was prove*n by 
the S-217 study of Mare* Serenitatis with femr data sets 
ne*e*ds to Ik* applie'd to othe*r lunar are*as with more* data 
sets. 

riie joint weirk with gc'ologists prove*ef valuable* in 
interpreting lunar surface conditions. Future synthesis of 
lunar data should rely he'avily upon the geologic* mapping 
expertise that has lH*e*n built up for the* .Surveyor. I.unar 
()r()itc*r. and .'\pollo missions. 


II. Data Sets 

The* S-217 work was primarily an inte*rprc*tation of 
c'xisting data se*ts (no ne*w data wc*re* produced by this 
e*xpe*rime*nt I. Most re*ports and sc*ie*ntific article's producc'd 
by the* joint S-217/S-222 te*ams contain se*c tions dt*scrif>iiig 
the*se* data sc*ts. 

'!’wo prime data se*ts are the* 3.8-c*m and 70-cin raelar 
maps of the* Moon (He*fs. 1.3. I f. and 1.5). Othe*r |)rime* data 
sets are* tfie* infrare*d e'clipse* maps (!fe*f. IH) and the* color 
diffe*re*iice* photogra|)hy of Whitaker (He*f. 17). .Ml of th«*se* 
data are* shown in Figs. 2. .3. 4. .ind 5. .Ml of tliesc* eiata se*ts 
wc*re* also e*onve*rte*d to digital formats by the* Image* 
Proc c'ssing l.aboratory I PI.) al the* Jet Propulsion 
l.id>oralory. as de-sc rilH*d in lire* .\ppe*ndix. 

The* d.tia se*ts above* empliasi/.e* surface prope*rtie*s 
comple*me*ntarv to tlie* .\pollo photography. The* .3.S-cm 
and 7()-c*m radar maps emphasise surface roughne'ss witli 
c*e*ntime*te*r scales, slopes, and surface e*le*ctrical lossc's. riie* 
infrare*ci c*clipse* maps emphasi/e surface f)l(K*kine*ss. The* 
color-diffe*re*nce pliolographs empliasi/.e surface* che*mical 
composition. 
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Fig. 2. Data sets for the S-217 Experiment: 70-cm polarized and depolarized radar echoes (provided 

by T. W. Thompson; see Ref. 15) 



III. Results 

Our priiiif ohjecTivc wa.s to iiiU'rprt't various reiuote- 
sfiist'd lunar data sots to aiii'iuout tlio kiiowlt*dyo jraiiiod 
from .\pollo orliital pliotoKrapliy. I'lio prohlom was 
attacked l>v iutorpretiuj' roiuotoly-sonsod data sots for tlio 
areas surroulKliu^ the .\pollos 1.5. 16, and 17 landiut' sites. 
Ill addition, three larjrer areas— Mare Serenitatis, the 
liuhriuni Flows, and the .\ristarehus I’lateau— were 
studied. The Mare Serenitatis basin provid«‘d a subjec t for 
cluster and factor analysis, a rc-cent sophistic atc'd statistical 
tc'ehni<|ue first applied to lunar data. 

To present this summary eohercuitly, the descriptions of 
these studic's will Ik* )»iven in the following order; the 
paper on the 52 craters will lx* discussed first In’causc* it 
sets the sta)»e for the S-217 experiment; the .\pollo landing' 
sites will lx‘ discussed second; third, the larger arenas will 
Ih' discussed— Mare Serenitatis, Imbrium Flows, and the 
Aristarchus Plateau. 

A. The Initial Study of 52 Craters 

The initial study of .52 c raters (Hef. 1), was conduc tc*d in 
1969 and 1970 at the* Svmposium for the* Oeophysical 
Interpretation of the Mckiii (held at the lamar Science 


Institute). The major results of this study are summari/.ed 
in Table 2; the article* states: 

Ifc'twfon KKK) and 2(KK) infrared (eclipse) and 
radar anomalies have Iwon mapped on the 
nc'arsidc* hemisphere of flu* Moon. .A study of 
52 of these* anomalies indic-atc*s that most are 
rc*latc*d to impact craters and that the nature 
of the* infrared and radar responses is eompati- 
ble with a previously dc*velope*d j'ooloj'ie 
iiHKlel of c rater aj'inj' prcK t*ssc's. rhe younj;est 
craters arc* pronounced thermal and radar 
anomalies; that is. they h;ive c*nlianec*d c'clipsc* 
tcmpc*raturc*s and are strong radar seatterers. 

'A'ith increasing' crater aKC. flu* asscuiated 
thermal and radar revsponses lu*come pro^res- 
sivelv less noticeable until they assume vahu*s 
for the* average lunar surface. The last type of 
anomaly to disapp<*ar is radar c*nhaneemc*nf at 
longer wavc*lc-ni'ths. .A few craters, howevc*r, 
have infrarc*d and radar lu'haviors not pre- 
dicted by the ai'inj' model. One* previously 
unknown fc*ature— a field strewn with eentinu*- 
ter-si/ed rock framnents— has lH*en identi6c*d 
bv this tec'hni<iue of c-omparinj' maps at the* 
iiifiared. radar, atul visual wavelengths. 


( 
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Fig. 3. Data sets for the S-217 Experiment: infrared eclipse temperatures and full-Moon albedo 
(provided by R. W. Shorthill; see Ref. 16> 


niis work established infrared ec lipse temperatures and 
radar maps as indicators of surface properties, and 
complemented geologic interpretation of the photogra- 
phy. This first paper also led to a trood working 
relationship where hmar synthesis took place in a 
workshop atmosphere and publication of scientific articles 
was the primary output of the work, and Ic'd fiirtlu-r to the- 
S-217 proposal and the subsequent work reported here. 

B. The Apollo 15 Landing Site at Hadley Rille 

Our attention was focusc'd on the .Vpollo landing sites 
for the' obvious rc'ason that man landed there and could 
bring back ground-truth information about the hmar 
surface. The question asked was how the rc'iuote sensing 
data would agree with the astronauts findings? Our rej)ort 
on the .\pollo b5 landing site at lladlc'v Hille was given by 
/isk. et al., (Hc'f. IS), who stuclic'd the- arc'a boundc'd by 
20 N and 2S N latitude and 0° and S K longitude. 

■fhe infrarc'd. radar, and photographic evidc'iice indi- 
catc'd that the' .\ppennir»e crest could be interpretc'd as a 
smooth, dense surface w ith a dielc'c trie constant nc'ar 4.0. 
.incl with no more than the avc'ragc'-surface and nc'ar- 
surfacc' rocks of cenlimctc'r si/c'. rhc'sc- surface' conditions 
.ire consistent with the gc'ologic interprc'talion tliat thc-sc' 
mountains are very old. I hc' rc'inote sensing data suggc'sts 


a finc'-grained, dc'ep regolith over the .■Xppenninc' bac-k- 
slope. consistent with a deposit of fine-grainc'd matc'rial. 
Llxamination of the remote si'iising signature's of the crater 
lladlev C argues for an unusual geology for the' crater. 

In concluding this study, Zisk. et al., (Hef. IS), note'cl 
that "usc'ful gc'ologic information can 1 h' drawn from 
Karth-basc'cl radar and infrarc'd studies of the' hmar surface 
since' the measure'd i|uantitic's are strongly influc'iu-e'd by 
struct'ire on a scale much fine'r than basic instrume'iital 
resolution.” 

This study of the- .\pollo 1.5 landing site was completed 
iK'fore the' S-217 experiment was funded. Ilowc'ver, this 
studv is described here In'cause it and the .52 crater paper 
laid the' groundwork for the' study of other .Apollo landing 
site's vvhe'ti S-217 was funele'd. 

C. The Apollo 16 Landing Site at Descartes 

Work on the' .Apollo 16 landing site is re'porte'd in 
companion pape'rs by Zisk, c't al., (He'f. .'!), and by Zisk and 
Moore (Hc'f. 2) in the' Apollo 16 Preliminary Science 
Heport (Hcl. 19). The' first article' interpretc'd ,m area 
boundc'cl by 14 K and 1S'‘'K longitude' and by 7 S ,md 1 1 S 
latitude', surremneling the .Aperllo 16 laneling site at 8'.59'S, 
15 fl 'W. This vveirk c emcentrate'el em twe> e|uestie)ns; (1) is 
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Fig. 4. Data sets for the S-217 Experiment: color-difference photography and full-Moon albedo 
(provided by E. A. Whitaker; see Ref. 17) 


there a physical difference lietween the (Cayley and 
IX'scartes geologic units? and (2) what is the nature of the 
hrit'ht units of the material of the IX*scaites Mountains? 
Our work showed that small differences in the 70-cin radar 
hackscatter lietween the Cayley and Descartes formations 
suiyrested that the Ca\ley regolith is relatively frc'e of 
meter-sized l;oulders to depths of 15 meters, which is the 
estimatc'd thickness of the re^olith at this landing' site. \ 
study of the remote sensitu' data and the .\pollo 
photography of the bright L'escartes region (Ix'tween 
craters Descartes C and DolloncJ t.) suggest that this is an 
asymmetrical ejecta mass with a different chemistry and a 
lower electrical loss. The .\pollo photography with its 
higher resolution providc'd the* evidence that the' bright 
Descartes region was due to bright crater ejecta rathcT 
than a young volcanic deposit as suggeste-el earlier by Mead 
and Coetz (Ref. 20). 

The .\pollo 16 landing site provided another study by 
/.isk and M(M>re where .3.8-cm radar I'cho strcuigth was 
compared with surface block counts from surface 
photographs (Ref. 2). I'he-y conclude’ that “substantial 
improvement in the prediction of surface and nc'ar surface 
block iness can l>e achievc'd by using Karth-basc'd raeiar 
measurement.” They note th.et “the .\pollo 16 mission was 

6 


the first opportunitv to test h^pothesizc’d correlation 
Ix'tween blex k frecpiencies and raeiar Imi kscattering.” 


D. The Apollo 17 Landing Sil<? at Taurus-Littrow 

Studies of the .\pollo 1 / landing site and Mare’ 
Sc’renitatis wc’rc’ reportc'd by Moore* and /.isk (Re f. 6) and 
bv Thompsem. et al., (Ref. 5i in the Apollo 17 I’reliminary 
Scie’tu'c Repot t (Re-f. 21) 

rite- c’arlv work trying te> relate- radar baekscatter to 
surfac’C’ bloe kiness was repeirte-d bv /isk and MiMire* (Re-f. 
2) fetr the Apollo 16 landing site. H\ the- time that Apollet 
17 had landed, metre’ correlations iM-twe’cn radar baekscat- 
ter and surface’ bloekiness we-re carrie-d out. .\pollet 17 
surface photography produec’d metre elala, culminating in 
the’ rc’petrt eite’el abetve. It is interesting let netle* that Zisk 
and Metetre e etne luele that “cetmparisetn betwc’e’ii e*e hete s at 
the* .Apetllet 16 and .Apetllet 17 landing site- suppetrts the 
pctstiilate that factetrs etther than small fragme’iits .end 
blete ks |iretduce’ difle’re’iie’e’s in depetlari/e-d radar e’cheH’s." 
This petstulatc’ was te-ste’d furthe’r in studies eti the- large-r 
are’as, whe’rc’ many metre- radar se atte’ring difle-re’iie e’s .ire- 
e-.\plaine’(l bv difle-re'iie-es in siirlace' che’iiiislrv. 
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Fig. 3. Data sets for the S-217 Experiment: 3.8-cm polarized and depolarized radar maps (provided 

by S. H. Zisk; see Ref. 14) 


E. Mare Serenitatis 

Our attention to Mare Serenitati.s wa.s drawn hy its 
proximity to the .\pollo 17 landinjr site at raiiriis-lattrow 
and hy its unusual radar and eolor-differenee siirnatures. 
I'lie study of Mare Serenitati.s differs from the landintr-site 
studit's in several aspects. Tht' area hounded hy 10 and 
to N latitude and hy 0 and 35 K loniritude, was mueh 
larger. The radar and infrared data were augmented hy 
( olor-differenee photography that made a erueial difier- 
enee in the interpretation. 

riu> remotely-sensed data for Mare Serenitati.s permit- 
ted a separation of surfaee types as shown in I'ahle 3. For 


the most part, these surface types agree with geologic- 
units derived from the interpretation of orbital photogra- 
phy. The remotely-sensed data “see” surface types II and 
I\' in the Hat mare surface, the only indication of physical 
cliHerenees tn-twc'en c'astern and western Mare Sc'renitatis. 
It) othc'r ea.ses, the remotcdy-sen.scHl data do not ,sc?e 
differences between certain geologic units. This illustrates 
the eomplementarx n.'ture of the geologic interpretation 
and the determination )f surface properties deduced from 
the remotelv-.scm.sc'd dat,». 

.\ primary conclusion of the Mare Serenitatis work is 
that differences in surface chemistry are apparent in the 
remotely-sensed data. The radar hackscatter from Marc* 
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Taij)e 2. Surface conditions inferred from infrared and radar observations* 


O.ittT 

Intr.ircd 
( oi'lipsc 
tcmprr.ituro) 

3.8-riii 

r.ul.ir 

I'llll.llll'l-IOiMlt 

70-iin 

rail.ir 

i-nliaiKi-mont 

liilfrii'd siirtai-i" 

Geolonic 
aKimt model 

Oi l iirrence 

0 

No 

No 

No 

.Noniial ilistriliiitioii of riK'ks, olil 
iinilistiirl>i-il surface 

.\syniptotic surface, 
provides basis for defi- 
nition ot .momalies: 
w idespread 

Most common 

1 

Vis 

^ls 

Vis 

K\ci-s.s nuiiihcr of ccntiiiicti'r- and 
inclci-si/i'd rix'ks 

I’rcdictisl for recent 
cratering; event 

Common 

It 

Vis 

Vis 

.No 

Fxcess iiuiiiIkt ol cciitimcter-si/.ed 
iiH-ks only : a very youiiK and proha- 
lily sin.dl Icatiire 

Hehavior not predicteil 

('ominon 

MI 

No 

No 

Vis 

( )ldi*r crati-r covi-rcd with a tew iiiotors 
ot ri'Holitli 

Predicted for cratering 
event of moderate age 

( aiminon 

l\ 

Vis 

No 

Vis 

l•'\|■^.•ss iiuiiihcr ot Mii’tfr-si/ed surface 
rocks 

Behavior not predicteil 

Bare 

\’ 

Vis 

No 

No 

Kyccss iiuiiil)cr of siuooth surface rixks 
mucli larger than meter-size, or smooth 
hare rock surface* 

Behavior not predicted 

Bare 

\ I 

No 

\is 

\is 

I'ppcr layer of reKolitli rouuli on 
centimeter and meter scale hut no 
i-\cess ot hare surface rocks 

Behavior not predicted 

Bare 

Ml 

No 

Vis 

No 

l'pi>cr l.iycr top of rcKolitli rocky on 
l entimeter scale hut no excess of hare 
sui t. ice riK'ks: possibly, an I’Xi css 
muiiher ot surface rocks in 1- to .'S-cni 
size raiiKc 

Beli.iv ior not predicted 

Bare 

-Moilit 

ii'd troiii Talili' 

I ol Hit. 1. 






Sercnitatis correlates very well with color throughout the 
basin. However, radar-backscatter differences expected 
from different aged surfaces do not appear. Thus, 
chemical composition is a major controlling factor in radar 
backscatter for this area of the moon. 


The Mare Sercnitatis work also concluded that the 
remote-sensed data are useful for predicting lunar surface 
conditions beyond the areas covered by .Apollo orbital 
photography. For example, the Mare Sercnitatis study 
area included the Lt'Monnier Crater, the landing site of 
Lunokhod II (a surface sampler). .Also, the southern rim of 
Marc Sercnitatis has the .same signatures as the .Apollo 1 1 
landing site in Mare Trancjuillitatis. This suggests that the 
surface conditions and surface chemistry in southern Mare 
Sercnitatis are the same as those obsersed for the .Apollo 
1 1 surface samples (collected some 4(K) to ,5(K) kilometers 
to the south). 


The Mare Sercnitatis study area also provided an area 
for testing factor anaivsis as described later in Subsec tion 
Ill-H. 


F. Imbrium Flows 

rhe Imbrium Flows have provided another study using 
the Apollo photography and the remotely-sensed data. 
Our attention to this area was drawn by remarkably sharp 
radar-scatter and color-difference boundaries that appear 
in central Mare Imbrium. 


.An early report by Schaber (Refs. 22 and 2.3) concen- 
trated on the gc'ologic interpretation of Apollo orbital 
photography and identified the Fulcr /3 dome as the 
source of .several late lava extnisions. .A second report by 
Schaber, et al., (Ref. 7) concentrated on the interpretation 
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Table 3. Mare Serenitatis surface types defined by remote sensing data 
(modified from Table 33-1 of Ref. 5) 




Color 

.■Mlredo 

Kadar 

Infrared 

iflipse 

tenuHTatnre 

Inferri'd 

cliemistry 


.Siirl.ii' 1 ' Is |)e- 

1 = Irluest 
4 = reddest 

1 = darkest 
4 = Irriulitest 

1 = strongest 
3 — sseakest 

1 = ciKiIest 

2 = ss’armest 

1 = higliest in 
titanium 
and iron 
4 = losvest in 
titanium 
and iron 

(1) 

.Sxiitlii'.iNt rim .i:ul .Mare 
Tran<|iiiiit.itis 

1 


3 

2 

1 

(in 

Norflisvi'st Stare' 
SiTfiiitatis 

2 

4 

2 

2 

2 

1 III) 

N'orllii'.ist rim. Sinitlisscst 
rim. M.irt' Scri’nitatis 

3 

3 

3 

2 

3 

(IV) 

KastiTii liasiii fluor, Mari' 
Sfri'iiitatis 

4 

4 

1 


4 

(V) 

Montes llueimis 

4 

1 

3 

1 

4 


of \|)()llo pholonraplu and thr radar, infrared, and eolor- 

difterniee data. I'liis second report com Inded: 

(1) Karth-hased .d.8-ein ami 70-c in polarized 
and depolarized rarlar return from M.O(> 
linlrrinm decreases in averaire intensits from 
tlu' old red to sounirer Niie linhrinm a^e 
siirlaees and also decrease's Iroin the oldest to 
\()unt;est Kratosthenian surlace, all ol the him' 
spectral tv|)c. 

(2) This reduced radar hackscatler from tlu' 
rc'd to the blue Marc' snrfac'C's is .tttrihnted to 
increased radar absorption in the' latter, 
re'snltin<r. at least indirectly, from increased 
titanium and/or iron content in the basalts and 
ovt'iKin” re^olith. Ilu' import.int plnsical/ 
che'inical paranu'ter ma\ be' incre'aseel concen- 
trations of disseminated (Fe'TiOj) ilmenitc' 
opaeines in a sliylitU dc'e'pc'r th.in norm.it i;lass\ 
reyolith. 

{'.\) Tit.mimn calibntion ol |•..lrth-base■el radar 
backse atte'i maps should pros iele a powe'ilul 
ness tool lor hm.ir t;e'ochemic.il and '4e'olot>ic 
m.ippinir as sse'll .is prosidins’ a me'ans lor 
pre'liminars tli'olotiic.il .mel neoche-mical anals- 
sis ol I'.arth-base'd N’c'iius backscatter maps. 
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G. Aristarchus Plateau 

riu' .\ristarc hus IMateau jsros idl'd anotlx'r area ss here 
the inle'r|)retation of the .\pollo photonraphv ssas 
augmented bs’ the remotels -sensi-d inirareel. rad; r, and 
color-eliffi'rence data. Our .itte'iition to this ari'a ssas drassn 
bs’ its si'rs' unusual ri'd color, loss r.ielar sisitter, mel loss 
infrari'd el lipse temperatures. .\lso, the Aristarchus i»'i;ion 
had sers unusual orbital I'l'oi hi'miial results and is ofti'ii 
mentioni'd as the si'i'iii' ol transii'iit esents. The svork on 
the Aristarchus I’lateau is In'inn prepared for publication 
bs' Zisk. et id., (Hi'l. 8). 

rill' surfiii-e lemditions on the .\rist;irihus I’kiteau ssere 
deduced from the ei)llection of the remotely-sensed data, 
himir orbitiil photonriiphy, lumir orbitid ^eoi hemii ill 
e'xpi'riments. .iiiil surf.iei' siimplini' e.xpe'rience. The 
ssnthesis of these el.ita indii-ate that: 

(I) The \ristiirihus I’l.iteau is most likels mantled bs ;i 
psroclastii material, sshieh is fine' urained ssith 
rc'latise'ls less roe ks of size' m.ile'ri.il yre.iter than 10 
e in. 

(2l The' phssii.il and ehe'inie.il char.iiTe'iisties of this 
m.intle' imiteriiil re'se'iuble the' or.inni' <;lass be.ids 
found .it Shorts I'r.iti'r during the .\pollo 17 siirl.ice' 
s.iTU|)liny. 
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(3) The thickness of the f)lcKk-free mantle must Ik- 
iH'tween .5() and 3<)() m hasc'cl on j't'oloj'ie interpreta- 
tion of Apollo photographs and the physical 
explanatic»ns of the weak infrared and radar 
strengths. 

(4) This mantle on the Aristarchus fMatean was depos- 
ited l)efore the adjacent Kratosthenean Maria were 
extrudc'cl, hascnl primarily on the interpretation of 
Apollo photojiraphy. 

One of the striking results from this synthesis and 
interpretation of the Aristarchus Plateau data is that 
meaningful interpretations can l)e made for areas very 
distant from the lunar sampling sites. The .Aristarchus 
Plateau is more than 15()() km from the nearest .\pollo 
landing site and some 2400 km from the .Apollo 17 landing 
site where the orange glass In’ads were found. 


H. Factor Analysis Studies 

At the I'niversitv of I’tah and the Boeing Ca>., H. W. 
Shorthill, \V. J. Peeples and 1'. F. (Jrc'ene (Boeing) studied 
the applicatioti of factor and cluster analysis teehnicpies to 
multivariahlc' lunar data sets. This work will be* reportc'd 
in a separate fituil report eurrentlv In'itig prepared by H. 
W. Shorthill, etal..(Hef. 11.). 

Fac tor analysis was applied to the Mare Serenitatis and 
reported by Pc'eples and Shorthill (Bef. 24). Four data sets 
were used inc hiding 70-c in polarized and depolari/.c'cl ec ho 
strc*ngths, albc*do, and color difference, riu* observations 
were sampled everv lunar degrc*e from 17.6 N to .37.6 N 
latitude and 10.6 K to 29.6 longitude for a total of IWK) 
observations at 4(K) grid points. This grid covers approxi- 
matelv 325,000 km^ of lunar surface, an area large enough 
to determine whether the ehistc*r analysis would (|uantita- 
tivelv define* surface units the same way as the previous 
(|ualitative studies of Mare Serenitatis by rhompson. et 
al., (H(*f. .5). 

riu*sc* four data sets were first analyzed using an H-iuore 
fac tor an.ilvsis (Hc*f. 25). rhe r(*siilts arc* shown in Table* 4, 
which lists the princ ipal fac tors and their eomponents in 
terms of the* four original variable's, rhe thre*e* fac tors (FI, 
F2, and P'3) retain 95. .5% ol the* original data variance*. 
Synthetic- variable* FI was domin.ite*d by results from the* 
70-e in |K)larize*d and de*polari/e*d radar data, while l'2 was 
doiuinatc'd b\ the* positive* addition oi the* color difle're'iue 
data and albe*do. I'.3 was a positive* e <)iu|)one*nt of eolor- 
diffe'ience d.ita and a iie'gative e-onti ibution from albe*do 
d.ita. 

to 


Table 4. Results of R-mode factor analysis on 
Mare Serenitatis data 


P’ac-tor No. 
Exiec-rinient 

K1 

F2 

F3 

Color differi’iic'c* 
photography 

0.281 

0.725 

0.628 

70-c-m radar 
( polarized ) 

O.VHte 

-0..305 

-0.0 1.3 

70-cm radar 
depolarized 

0.948 

-0.083 

-0.0.50 

Albedo 

0.196 

0.776 

-0.598 

% variance 
accounted 
for by 
e*aeh factor 

4.5.91 

.30.67 

18.87 


Basc'd on our three synthetic variables (P'!, P'2, and P'3), 
a new set of synthetic observations was cre*atc*d and the* 
re'sults were* clustere'd (He*f. 26). P'igure 6 shows th;it the* 
results of this clustering vic*lde*d eight surface* units. 

I'he* |)redominate c luster or surface unit in .Sere*nitatis is 
de*note*d as unit 1. This unit delinc'ates the ce*ntral, high 
allH'do, young unit of Se*renitatis. Note that this unit 
appc'ars to e'xtend to the* northe*ast into I.ocus .Senmioniiu 
(Bef. 27). riie* second most pre'dominate unit is lal>e*le*d 
unit 2 and e*ne-ompas.se*s vve*st central Mare* Se*renitatis. 
This unit is also de*tec ted on the e*astern e*dge of the basin. 
The* dark mantling material (Befs. 28 through .30) appears 
to correlate* with unit 8 and is se*e*n in the* southwe*st 
corner of the* basin e*xtending northward and also appe*ars 
to extend intermittently around the* northeast margin of 
the* basin. 

I’nit .3, which re*|)re*se*nts a unit associate*d with the* dark 
annulus, is se*e*n in the* southvve*st, southe*ast, e*ast, 
northe*ast, north and tiorthvvest borde*rs of the* basin, thus 
almost comple'tely encircling the* basin. I’nit 4 occurs 
pritiiarily along the* northe*rn bordc'r of the* basin vvhe*re* it 
is intermixe'd with othe*r units (pre*eloiuinately units 5 and 
8). I’nit 6 appe'ars in the* SP) e-orne*r with a small patch in 
the* SW ceerner. This unit alsee a|)pe*ars in the extreme NW 
corner eel the* basin. I'nit 7 appe-ars doiuinate*ly in the* SP) 
(|U.ielrant of the* basin with seenfe* material in the* NW 
e-orne*r. 

rhe* similarity of this ne*w factor analysis with the 
pre'vioiis analysis is <iuite* striking. e*xce*pt that our c luster 
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analvsis siirfaie types sIk)w inort* of tlie ilolail in the 
lllappill^ that is actiiall) inlierenl in the data. W’e were 
.ilile to delineate (easily) ei^ht surface types instead of the 
hse types in the presious (|iiulitatiye analysis. 

I. Other Studies 

Other studies were carried out under the S-217 
experiment. Lxtensi\e correlations of ijliottineoloffy with 
remotely-sensed data along the .\pollo 14, 1.5, and 16 
l)istatic radar tracks were carried out by Moore, et a!., 
(Hef. 9) and Moore, et al., (Hef. 10). These correlations will 
be reported in the final rej)ort on the S-222 ex[)eriment to 
1 m* published by the Tinted States Oeological Surstyv by 

II. J. Moore. S.ll. /isk working with others at M.l.T. and 
Brcmii Tnisersity cnauthored scientific article's on the 
lamar Black Spots (Hef. .91), Mare llumorum (Hef. 12), and 
lunar surface units (Hef. .92). 

IV. Summary and Concluding Remarks 

riie results of the S-217 experiment indicate: 

(1) I’hysical properties of the lunar surfac-e such as 
small-scale (centimeter-si/ed) bloc kiness and surface 


chemistry (titanium and iron content) can be 
declucc'd In complc'inentary gc'ologic interpretation 
of .\pollo photography and correlations lietween 
Karth-based infrared, radar, and color-difference 
mappings of the lunar surface. 

(2) Much of the information in the tarth-basc'cl, 
remotely-sc'iised data pertains to surface properties 
on scales too small to be obsersed in orbital 
photography. 

(.9) Much of our interpretation of any lunar area is based 
on extrapolation of surface sampling experience. 

(4) The' geologic interpretation of orbital photography 
and the synthesis of remote sensing data are 
complementary. The gc'ologic interpretation often 
limits our deductions of surface conditions from the' 
remote sensing data; surface conditions declucc'd 
from the remote data often limits the gc'ologic 
interpretations. 

(5) I'actor analysis, a modern statistical technicpie, 
successfullv dehnc'd surface units from a complex, 
multiyariable data set. I'liis tcchnic|uc' definc'd 
surface units that were not ubvious l)y tiu' visual 
overlay methods. 
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Appendix 

Lunar Data Set Manipulations at the Image 
Processing Laboratory at JPL 


The Imane ProtossiiiK l-ihoralorv (1FI>) at the Jet 
Propulsion l.ahoratorv provided a valual)le computer 
facility for manipulation and display of the PLarth-hasc'd. 
remotelv-sensc'd lunar data sets. .\n overview of the 
proec'ssini' at IPI. is j^iven in Fis. .\-l. Much of this IPl. 
proec’ssin^ was aeeomplishc’d by l.yman Lyon. 

I'hc'rc' are six prime data sets stored in digital formats at 
the IPF. These include digitized versions of color- 
difference and full-Moon photographs (providc'd by Kwen 
Whitaker), itilrared eclipse temperature's and visible scans 
of the moon (provided by H.W. Shorthill), and 70-c'in 
polarizc’cl and depolarized radar maps (provided by T.W. 
rhompson). 

A convenic'nt eommon projec tion for these data sets was 
to arrange the data iti a s(|uare array where the horizontal 
and vertical position of a pixel (a picture element) was 
proportional to latitude' and longitude' (.see P'ig. .\-2). Once 
the' data was in this latitude-longitude format, it was easy 
to transform the data to other maj) projc'c tions. .\n IPI, 
program, MPMFHC, was written to transform the' data to 
the Mercator Projc'c tions used for many .\pollo Planning 


Maps. Examples of the lunar data in the Mercator 
Projc'ction are shown in Fig. .\-3 and in Rc-f. .33. .Anothc'r 
IPI, program, MP.XSYS, was written to transform the' data 
into orthographic- projection, which shows the' Moon at 
mean libration. Examples of the data in this projc'c tion is 
givc'ti by Figs. 2, .3, and 4, and by the' figure's u.sc'cl in the' 
Mare Serenitatis article (Rc'f. .5), \ eoinbmation of 1 108 
eomputer programs and standard IPI. subroutine's was 
used to transform the lunar data into the Lunar 
.Aeronautical Chart (L.\C) Projections as shown in Fig 
A-4. 


riie base data sets for these projcH-tions are the data in 
tilt' latitude-longitude array. These ba.se arrays were 
obtainc'd by st'veral mc'ans. The' 70-em radar data was 
originally mappc'd to this latitude-longitude projc'ction. 
riie infrared and visual data sets from R.W. Shorthill were 
already digitized and the transformations from array- 
position to latitude and longitude were alrc'ady workc'd 
out The color difference and full-Moon photographs 
provided by Ewen Whitaker were transformed to the base 
data set by a seric-s of opc'rations. h'irst, the data weie 


70-cm RADAK liyVlSIBLE COLOR DIFFERENCE, 



DISPLAY IN 
MERCATOR 
PROJECTION 


DISPLAY IN 

ORTHOGRAPHIC 

PROJECTION 


DISPLAY IN 
LAC CHART 
PROJECTION 


Fig. A-1. Overview of image processing of lunar data at JPL's Image Processing Laboratory 
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Fig. A-2. Example of a lunar data set in the latitude— longitude format: full-Moon albedo also shown 

in Fig. 4 


scanned to convert the (Jata into clifrital formats, .\fter this 
seanninjr, the formulas for conversion of pixel position to 
latitude and longitude were computed by an 1 108 
computer program CF.\R. Program CiP.\R punches input 
parameters for a standard IPL subroutine CP^OM, which 
was used to convert the scanned data into the ba.se set. 
.Mthough these* manipulations of the color-difference and 
full-Moon photos were more eomplicatc»d than the other 
data sets, it left us with a powerful set of computer 
programs that could convert any scanned lunar data sets 
into a latitude-longitude array. This latitude-longitude 
array could be retransformed to the other standard map 
projections mentioned al)Ove. 


Other c-omputer programs were? clc*veloped at JPI. to 
accomplish a numlier of tasks pc*culiar to our S-217 work. 
\ set of 1108 computer programs were developed to 
select data for points along the .\pollo bistatic radar sets. 
This was u.sed for the correlations along the radar tracks 
reportc'd by Mtx)re, et al.. (Ref. 9), and Moore, et al., (Ref. 
10). .\nother set of IPI. programs was devc*lopc*d to 
printout statistic;s for areas within an IPL data set. These 
programs were u.sed to generate the histograms that were 
reported by Schaber, Thompson, and /isk (Ref. 7). 
.\nother set of 1108 and JPI. computer programs were 
developed to redisplay the 3.8-cm radar maps at the IPL 
as shown in P'ig. 5. 
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Fig. A-4. Example of lunar data transformed to Lunar Aeronautical Chart Projection: 70-cm 
depolarized data of the Aristarchus Plateau 
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